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Abstract Closed spinal dysraphism (SD) is a type of neural tube defect originating during
early embryonic development whereby the neural tissue of the spinal defect remains cov-
ered by skin, often coinciding with markers of cutaneous stigmata. It is hypothesized that
these events are caused by multifactorial processes, including genetic and environmental
causes. We present an infant with a unique congenital midline lesion associated with a
closed SD. Through comprehensive molecular profiling of the intraspinal lesion and contig-
uous skin lesion, an internal tandem duplication (ITD) of the kinase domain of the fibroblast
growth factor receptor 1 (FGFR1) gene was found. This ITD variant is somatic mosaic in na-
ture as supported by a diminished variant allele frequency in the lesional tissue and by its
absence in peripheral blood. FGFR1 ITD results in constitutive activation of the receptor ty-
rosine kinase to promote cell growth, differentiation, and survival through RAS/MAPK sig-
naling. Identification of FGFR1 ITD outside of central nervous system tumors is exceedingly
rare, and this report broadens the phenotypic spectrum of somatic mosaic FGFR1-related
disease.

[Supplemental material is available for this article.]

INTRODUCTION

Spinal dysraphism (SD) is a type of neural tube defect that develops during the early embryo-
logic period. The incidence of SD is 0.5–8 cases per 1000 live births in the United States
(Holmes and Li 2019). Two types of neural tube defects can occur: open and closed.
Open neural tube defects occur when the brain and/or spinal cord is open to the external
environment. In closed SD, a spinal defect is present, but the neural tissue remains covered
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by skin. Closed neural tube defects occur during early embryologic development because of
disruption of neural tube development at various stages. Cutaneous stigmata, including but
not limited to hemangioma, lipoma, hyper/hypopigmentation, and/or hypertrichosis, are
commonly associated and carry a 36% probability of SD (Holmes and Li 2019; Choi et al.
2020; Svokos et al. 2021). Presence of high-risk cutaneous stigmata warrants additional im-
aging studies to evaluate for spinal cord injury and the need for neurosurgical intervention
(Holmes and Li 2019). SD is thought to occur as the result of multifactorial processes, includ-
ing both genetic and environmental factors (e.g., nutritional deficiency and maternal obesi-
ty). Although few genetic mechanisms have been associated with SD, the biological cause of
this developmental event, and in particular the associated cutaneous stigmata, are poorly
understood (Greene et al. 2009; Salih et al. 2014; Tabatabaei et al. 2020).

Here, we present an infant with a challenging to diagnose congenital midline hamar-
tomatous lesion. This lesion was found to be associated with a closed SD, arising from the
intraspinal compartment and contiguous with the skin. A multidisciplinary clinical workup,
in addition to comprehensive molecular profiling, revealed a likely activating somatic mosaic
structural rearrangement within the FGFR1 gene.

RESULTS

Clinical Presentation and Family History
A female infantwas born at an outside hospital by cesarean section due to breechpositioning
to a healthy mother and father with unremarkable family history. At birth, a 1-cm-diameter
midline thoracolumbar skin mass was noted. The mass was firm and flesh-colored with slight
white discoloration at themostprojectingportion (Fig. 1A),with no signs of tissuebreakdown,
inflammation, or infection noted. The patient’s activity and growth parameters were within
normal limits. She was found to have rhythmic leg extensions determined by long-termmon-
itoring electroencephalogram to be nonepileptic in nature. A neurosurgical follow-up at our
institution at 3 wk of age noted abnormal lower extremity reflexes andmuscle tone. The con-
stellation of findings was concerning for cutaneous stigmata associated with occult SD.

At 10wkof age,magnetic resonance imaging (MRI) of the spine showed a large intradural
mass spanning the C5-T12 levels, with smooth expansion and remodeling of the bony spinal
canal and involvement of the atrophic spinal cord (Fig. 1B). The lesion appeared heteroge-
neous with interspersed neural, fibrous, vascular, fatty, and hemorrhagic components.
Imaging was most suggestive of segmental overgrowth with spinal hamartoma and dorsal
dysraphism with overlying cutaneous abnormality. The findings were not characteristic of a
true neoplasm given the eccentric medullary origin, native cord atrophy, and associatedmal-
formations. A brain MRI was normal for the patient’s age (e.g., normal myelination and sulca-
tion, normal cerebrospinal fluid spaces, no enhancement). A computerized tomography (CT)
scan of the head at this time also revealed a narrow and posteriorly ridged sagittal suture,
likely suggestive of a developing sagittal synostosis. The anterior fontanelle was open.

Given the MRI findings, the family was referred to dermatology for evaluation of the cu-
taneous lesion. On physical exam, the lesion was not consistent with a hemangioma or other
vascular anomaly. Based on the exam and radiologic findings, it was unclear if the cutaneous
lesion was an extension of an underlying spinal disorder or a separate cutaneous marker. At
11 wk of age, the patient underwent resection of the cutaneous lesion and biopsy of the
intraspinal mass. Histopathology identified the cutaneous lesion as a stromal and vascular
lesion with intermixed nerves and smooth muscle, and the intraspinal mass as a stromal le-
sion with intermixed fat and fibrous tissue (Fig. 1C,D). Immunohistochemistry performed on
the cutaneous lesion showedCD31 and ERGpositivity in the superficial vascular proliferation
and scattered vessels and no immunoreactivity for GLUT-1. A subset of the spindle/stellate
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cells within fibrous regions were positive for D2-40 and negative for SMA and CD34; howev-
er, clusters of glomus cells were positive for SMA and calponin. Desmin and GFAPwere neg-
ative. S-100 highlighted scattered nerves, and β-catenin demonstrated a cytoplasmic
staining pattern. Additionally, INI-1 and SMARCA4/BRG immunostains were performed
and demonstrated retained weak to moderate nuclear staining. The histologic features
were not diagnostic of a distinct entity. Hemangioma or other vascular anomaly was consid-
ered, but this diagnosis was felt less likely given the prominent stromal component and over-
all characteristics of the lesion. The triphasic morphology of fibrous hamartoma of infancy
was not present. There were no histologic features present to support a diagnosis of terato-
ma or low-grade glioma.

Immediately following the surgical biopsies, the patient demonstrated limited, predom-
inately reflexive, movement in the lower extremities. She was referred for physical and
occupational therapy. Threemonths post-biopsy (5mo of age), she demonstrated occasional
spontaneous movements in the lower extremities, which remained decreased relative to the
upper extremities. Therewas absence of sensory response at the thoracic region. At 6.5moof
age, the patient was seen by clinical genetics for counseling to better inform the parents of
recurrence risk for future offspring. Her head shape was slightly dolichocephalic, and the

A B

C D

Figure 1. Visualization of lesion. (A) At birth, a 1-cm-diameter firm and flesh-colored skin mass with slight
white discoloration was identified at the midline thoracolumbar region. (B) Radiologic visualization of lesion
at 10 wk of age presurgical intervention. Spine magnetic resonance imaging (MRI) with sagittal and axial
T1, T2 with fat suppression, and postcontrast T1 with fat suppression. Large intradural mass (brackets) spans
the C5-T12 levels, with smooth expansion and remodeling of the bony spinal canal. This partially encases,
compresses, and is integrated with the native spinal cord, which appears atrophic. The lesion consists of dis-
organized neural and fibrous tissue, enhancing vessels, bulk fat, and hemorrhage. There is amidthoracic dorsal
spinal dysraphism with overlying cutaneous enhancing lesion (arrows). (C ) Histopathology of the cutaneous
lesion involved the dermis and subcutaneous adipose tissue and was composed of stromal and vascular com-
ponents. The variably cellular stroma contained cells with round to elongated nuclei, no cytologic atypia, and
inconspicuous cytoplasm. (D) The vascular component was composed predominantly of scattered capillary
channels.
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anterior fontanellewas prematurely closed. Congenital dermalmelanocytosis andmild sacral
hirsutism were noted on the back, in addition to a well-healed midline thoracolumbar scar
with several prominent skin folds on the left back. The neurological examination showed nor-
mal truncal strength and tone, and no head lag on pull-to-sit. She smiled, cooed, and fixed
and tracked visually. Her arms were active and used to push up and to lift her head from
the prone position. The legs were flaccid with no stepping reflex or weight-bearing noted.
Deep tendon reflexes were present in all limbs. Intermittent clonus (3–4 beats) was noted
at the left ankle.

She was followed in our myelomeningocele clinic and is undergoing physical therapy
with the goal of developing age-appropriate upper body motor skills. MRI at 12 mo of
age described an unchanged appearance of the residual intraspinal mass suggestive of a
hamartomatous malformation, as could be seen in the spectrum of PIK3CA-related over-
growth syndrome (PROS). However, segmental overgrowth or macrocephaly was not appre-
ciated.MRI at 15mo demonstrated progressive change of the lesion with interval expansion,
particularly of the caudal portion. Developmentally, the patient can roll, prop sit indepen-
dently, and belly crawl. She is vocalizing and uses simple words. At 17 mo, the patient
was seen at an outside hospital for consultation, where a spinal MRI revealed an increase
in size of the intraspinal lesion with mass effect on the spinal cord. Given these findings, siro-
limus, an mTOR inhibitor, was initiated.

Genomic Analyses
Given the absence of a definitive diagnosis, the patient was enrolled on an Institutional
Review Board–approved translational research protocol that performs comprehensive mo-
lecular profiling, including paired somatic disease/germline comparator exome sequencing
and RNA sequencing of disease-involved samples. Molecular profiling of the disease-in-
volved intraspinal lesion and the contiguous cutaneous lesion was performed, while periph-
eral blood was used as the comparator germline sample (Supplemental Methods;
Supplemental Table 1). Enhanced exome sequencing (eES) data analysis did not initially re-
veal any clearly medically meaningful germline or somatic single nucleotide variants, small
insertion/deletion events or copy-number variants (CNVs) associated with disease.

However, analysis of short-read RNA-sequencing data revealed an internal tandem
duplication (ITD) of FGFR1 (NM_023110.3) exons 10–18 (∼5.2 kb), with intervening se-
quence derived from intron 9 joining the duplicated segments and maintaining translational
reading frame (Fig. 2; Table 1; Supplemental Fig. 1A). An alternative sequencing approach
enabling the detection of isoforms using Pacific Biosciences Iso-Seq methodology allowed
for orthogonal verification of an expressed FGFR1 gene product harboring the ITD
(Supplemental Methods). Retrospective manual review of the eES data provided visual evi-
dence of the FGFR1 alteration in the cutaneous lesion (20 out of 312 reads, 6.4%) and the
intraspinal mass (27 out of 288 reads, 9.4%), with no evidence detected in the comparator
blood sample (Supplemental Fig. 1B). Furthermore, Pacific Biosciences HiFi whole-genome,
long-read sequencing was performed, demonstrating the presence of the FGFR1 ITD in 8
out of 33 reads (24.2%). The reduced variant allele frequency is consistent with a nonheter-
ozygous state, supporting somatic mosaic etiology. Differences in the reported variant allele
frequencies between short-read exome and HiFi long-read genome sequencing can be ex-
pected. With short-read sequencing, an inherent challenge exists in split alignments of short
sequence spanning across a structural variant boundary. Thus, the influence of read align-
ment and soft clipping in the setting of structural variation may lead to an underrepresenta-
tion of ITD-supporting reads and, concomitantly, a lower variant allele frequency. Whereas
long-read sequencing, such as that used in Pacific Biosciences HiFi, may enable representa-
tion of the complete structural variant in a single read preserving order and orientation of the
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genomic alteration. Precise boundaries for the duplication were obtained from the HiFi data,
with 5259 nt of FGFR1 (NM_023110.3) duplicated, starting in intron 9 and ending at amino
acid 819 in exon 18. This ITD results in a duplication of the tyrosine kinase domain (amino
acids 464–765) and is predicted to be an activating event (Fig. 2). The FGFR1 ITD was clin-
ically confirmed by reverse transcriptase-PCR followed by Sanger sequencing in our CLIA-
certified laboratory (Supplemental Fig. 1C).

DISCUSSION

Herein, we present an infant with an unusual cutaneous thoracic lesion, initially considered
by physical exam to possibly represent an isolated congenital hemangioma. However,
cross-sectional imaging revealed a segmental intradural mass and SD with resulting spinal
cord involvement and compression. Although multidisciplinary clinical evaluation and histo-
pathology was nondiagnostic, comprehensive molecular profiling of disease-involved tissue
revealed a somaticmosaic likely activating FGFR1 ITD suggestive of a novel biological mech-
anism associated with SD development.

Closed SD may be associated with spinal cord tethering or compression, which may re-
sult in significant neurologic, orthopedic, and urologic morbidity. Clinical features, including
the presence of a congenital midthoracic lesion or high-risk cutaneous stigmata, should war-
rant additional imaging studies, and neurosurgical evaluation is crucial to aid in supportive
management (Holmes and Li 2019; Choi et al. 2020; Svokos et al. 2021). In our described
case, the nonepileptic rhythmic leg extensions seen in early perinatal life along with

A

B

Figure 2. Schematic diagram of the FGFR1 internal tandem duplication (ITD). (A) The exon structure of the
wild-type FGFR1 NM_023110.3 transcript and the associated NP_075598.2 protein structure. The protein ki-
nase domain (amino acids 464–765), colored in orange, originates from sequence of exons 10–18. (B) The exon
structure of NM_023110.3 with the observed 5259 bp ITD, spanning from intron 9 into exon 18. This genomic
alteration results in a full, in-frame duplication of the protein kinase domain.

Table 1. Genomic findings

Gene Chromosome
HGVS DNA
reference

HGVS protein
reference Predicted effect Genotype ClinVar ID

FGFR1
(NM_023110.3)

8p11.23 g.38413642-
38418900dup

p.Val429_Leu829dup Internal tandem
duplication

Somatic
mosaic

SCV002072498
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abnormal lower extremity reflexes and muscle tone were suggestive of morbidity due to this
lesion. Development of neural tube defects is multifactorial, likely involving both genetic and
environmental factors (Netto et al. 2009). In this family, there was no evidence of known en-
vironmental factors associated with neural tube defects during pregnancy. Our patient also
presented with slight dolichocephaly, premature closing of the anterior fontanelle, and a de-
veloping sagittal synostosis. The FGFR gene family is associated with germline craniosynos-
tosis disorders, and familial sagittal synostosis with scaphocephaly has been reported in
association with an FGFR2 missense variant in a single family (McGillivray et al. 2005).
Dolichocephaly has also been described in infants born with breech presentation, which
may contribute to the phenotypic features seen in our patient (Haberkern et al. 1979;
Kasby and Poll 1982).

Genetic factors may contribute to the etiology of SD. However, the biological mecha-
nisms underlying this developmental anomaly and associated cutaneous stigmata are not
well-understood and may be underreported because of inherent challenges in resolving
these genetic events. Postzygotic variation, including single-nucleotide changes and
copy-number alteration, has been described in planar cell polarity genes in association
with open neural tube defects (Tian et al. 2020; Galea et al. 2021). Such findings support
that somatic mosaicism may serve as a mechanism of disease. However, study of disease in-
volved tissuemay be critical, in addition to use of sensitive methods to resolve low frequency
and/or structurally complex variation. Recently, exome sequencing of genomic DNA from
two individuals with SD and hamartomatous lesions was not revealing for an underlying ge-
nomic event (Bartels et al. 2020). Limiting sample size (n=2) and the tissue under study may
have been contributory to the inability to establish a genetic association with disease. In ad-
dition to the criticality in studying disease-involved tissues, the use of short-read sequencing
and the associated software algorithms to resolve genomic variation may be limiting
because of assay sensitivity or the challenge in accurately aligning reads. Therefore, it is rea-
sonable to hypothesize that mosaic variation and, in particular, complex structural mosaic
variation may currently be underreported in the literature because of technical limitations
of the assays most commonly used for clinical diagnostics and research. In our described pa-
tient, the intraspinal mass and contiguous skin lesion were found to harbor an ITD in the
FGFR1 gene. FGFR1 encodes fibroblast growth factor receptor 1, a receptor tyrosine kinase
(RTK) that mediates signaling through the RAS/MAPK signaling pathways to regulate cell
growth, differentiation, survival, and angiogenesis. This FGFR1 ITD results in duplication
of ∼5 kb of genomic sequence oriented one segment in front of the other. Identifying
such events is bioinformatically challenging using short-read sequencing methodology
with read lengths typically in the range of 50–250 bp. Because of this challenge of resolving
larger structural variants (SVs), long-read sequencing based translational assays were utilized
to further define the molecular characteristics of the lesion. Long-read sequencing method-
ologies have greatly improved in accuracy, enabling mapping of kilobase sequence reads
and facilitating the study of full-length mRNA transcripts and genomic segments. These
long reads make it possible to precisely resolve SV breakpoints found challenging when us-
ing Illumina-based short-read sequencing (Wenger et al. 2019).

Pediatric malignancies, including teratoma, soft-tissue sarcomas, and low-grade gliomas
were initially considered but ruled out by integrative evaluation, including radiology and pa-
thology. Somatic alterations in FGFR1 have been observed across multiple pediatric central
nervous system (CNS) tumors, including pilocytic astrocytomas, low-grade gliomas, and dys-
embryoplastic neuroepithelial tumors (Jones et al. 2013; Zhang et al. 2013; Fina et al. 2017;
Ardizzone et al. 2020; Ryall et al. 2020). FGFR1 ITD has been described in low-grade gliomas,
among a spectrum of other FGFR1genomic alterations, including single-nucleotide variants,
gene fusions, and copy-number alterations (Jones et al. 2013; Zhang et al. 2013; Fina et al.
2017; Ryall et al. 2020; Uchiyama et al. 2021). Notably, the described events are consistent
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with a gain-of-functionmechanism. FGFR1-activatingmissense variants havebeendescribed
in encephalocraniocutaneous lipomatosis (ECCL), a sporadic condition characterized by
anomalies in the cutaneous, ocular, and central nervous systems (Moog 2009; Bennett
et al. 2016). In ECCL, the FGFR1 variants are somatic mosaic in nature, affecting only the in-
volved tissues and arising from postzygotic mitotic error. Although the somatic mosaic etiol-
ogyof the genomic alteration is consistentwith that seen in our patient, she does not fulfill the
diagnostic clinical criteria for ECCL (Moog 2009). Our described patient did not present with
the hallmark feature of ECCL, naevus psiloliparus, a fatty tissue naevus of the scalp with var-
iable degree of alopecia, nor did she present with facial tags or lipomas, facial asymmetry,
alopecia, skeletal/jaw lesions, or ventriculomegaly (Moog 2009). Although she has not
been seen by ophthalmology, a review of systems exam identified no ocular or vision abnor-
malities. CNS lipomas are also a common feature among individuals with ECCL (33/54 cases),
with intracranial lipomas being more common than intraspinal (Moog 2009). These lipomas
typically present as collections of bulk fat without associated soft tissue or vascularity, involv-
ing the head and neck in a unilateral or asymmetric distribution with intracranial or skin lipo-
mas, ocular dermolipomas, possible brain overgrowth/tumors, and occasionally bone cysts/
tumors. The intraspinal mass seen in our patient is phenotypically distinct from the intraspinal
lipomas described in individuals with ECCL, demonstrating hamartomatous overgrowth, in-
cluding disorganized bulk fat, soft tissue, fibrous tissue, and vessels. Given the unique man-
ifestation, this may serve to broaden the phenotypic spectrum of somatic mosaic FGFR1-
related disorders.

As discerned through study of CNS tumors, FGFR1 ITD results in autophosphorylation of
FGFR1 and downstream p-ERK1/2, consistent with constitutive pathway activation (Jones
et al. 2013; Zhang et al. 2013). The FGF pathway is also critical during embryologic develop-
ment, with in vivodisruption ofFGFR1 in particular, demonstrating aberrant neurulation and a
spina bifida phenotype in mice (Deng et al. 1997; Hoch and Soriano 2006). Within our de-
scribed patient, given the absence of the FGFR1 ITD in the peripheral blood and the reduced
variant frequency in affected tissues, a postzygotic mitotic event resulting in somatic mosai-
cism is the proposed etiology. Thus, one may hypothesize that if the postzygotic error result-
ing in FGFR1 ITD occurred early in embryologic development, the disruption of tightly
regulated signalingmay serve as a genetic driver of SDwith cutaneous stigmata. Somaticmo-
saicism of genes involved in the RAS/MAPK signaling pathway have been implicated in nu-
merous overgrowth and vascular disorders with cutaneous features, including PROS and
CLOVES (GreeneandGoss 2018). Interestingly, our patient’sMRI demonstrated features con-
sistent with a hamartomatous lesion, as described in the spectrum of PROS. Although the ge-
nomic event underlying PROS differs from that seen in our patient, dysregulation of the
downstreampathway (RAS/MAPK) is a shared feature. Furthermore, it is notable that small du-
plications have been previously documented in RTK genes in association with hamartoma-
tous lesions. Such has been described in fibrous hamartoma of infancy, with a characteristic
triphasic morphology consisting of fibrocollagenous tissue, primitive mesenchymal cells,
and mature adipose tissue, in association with somatic, activating EGFR exon 20 duplica-
tion/insertion events (Park et al. 2016). Commonalities in the etiology of the aforementioned
conditions, which include activating somatic variation and dysregulation of cellular signaling
pathways, lend further credence to the association of our patient’s clinical features and the
described FGFR1 alteration.

FGFR inhibitors are under clinical investigation in the setting of FGFR-altered somatic dis-
ease (Ardizzone et al. 2020). Several FGFR inhibitors are now FDA-approved (pemigatinib
and infigratinib) in the setting of unresectable advanced or metastatic cholangiocarcinoma
with FGFR2 fusion or rearrangement, and erdafitinib for advanced ormetastatic bladder can-
cer with FGFR2 or FGFR3 alteration (fda.gov). Translation of FGFR inhibitors for utility in
germline disease is still in preclinical stages, as in vitro and in vivo studies targeting the
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FGFR craniosynostosis disorders have demonstrated some success in preventing premature
fusion of sutures (Rachwalski et al. 2019).

In summary, we present the complex history of a female infant with a congenital mid-
thoracic skin lesion in the setting of a closed SD. Given the unique presentation, molecular
analysis of the intradural mass and contiguous skin lesion was performed to better inform dis-
ease etiology. Ultimately, an integrative analysis and multidisciplinary approach to this pa-
tient’s care identified a novel disease association in the setting of an FGFR1 ITD.
Detection of the underlying genomic alteration informed monitoring and surveillance for
this patient and elucidated the molecular pathogenesis associated with this atypical cutane-
ous stigmata of closed SD.

METHODS

The patient was enrolled as part of an Institutional Review Board (IRB)-approved study
(IRB17-00206) at The Steve and Cindy Rasmussen Institute for Genomic Medicine (IGM) at
Nationwide Children’s Hospital (NCH). Written informed consent was provided for compre-
hensive genomic analysis. Peripheral blood was collected by routine venipuncture for geno-
mic DNA extraction. Snap-frozen tissue from the skin and intraspinal lesions were obtained
for DNA and RNA extraction. Comprehensive molecular analysis, including paired somatic
disease/comparator germline exome sequencing, whole transcriptome sequencing of the
disease-involved tissue, and Pacific Biosciences Single Molecule Real Time (SMRT) sequenc-
ing-based methodologies were performed as described in the Supplemental Methods (se-
quencing metrics are described in Supplemental Table 1).

ADDITIONAL INFORMATION

Data Deposition and Access
The data sets generated during and/or analyzed during the current study are available in
dbGAP (https://www.ncbi.nlm.nih.gov/gap/) [phs001820.v1.p1]. The FGFR1 ITD has been
deposited in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) under the accession number
SCV002072498.

Ethics Statement
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was enrolled as part of an Institutional Review Board (IRB)-approved study (IRB17-00206) at
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